The change of elastic moduli of dry sandstone with effective pressure is a result of the subsequent closing of a series of pores. This process is approximated with the KT model and the expression of effective pressure dependence of pore aspect ratio spectra. By inverse modelling, the pore aspect ratio spectra of the water-saturated sandstone samples are obtained from velocity measurements. These pore aspect ratio spectra are then used to calculate the elastic moduli of the corresponding dry sandstone samples. An exponential function is found to best fit the rate of change of the dry elastic moduli with effective pressure.
Introduction
Nearly all rocks contain pores (Brace et al., 1972) , which vary from spherical to flat cracks and contacts (Kowallis et al., 1984; Sprunt and Brace, 1974; Timur et al., 1971; ) . These pores of varying shape play a significant role in determining elastic moduli of dry rock (Cheng et al., 1979; Kuster and Toksoz, 1974; Toksoz et al., 1976) . A crack is easily deformed, but spherical pores tend to resist deformation. As a result, as effective pressure increases, cracks and flat pores close first, and then pores of higher aspect ratio (defined as the ratio of short axis to long axis on pore cross section). Spherical pores are less likely to close in spite of very high effective pressure. Thus the subsequent closing of pores of increasing pore aspect ratio become more and more difficult. Moreover, the resultant increase of elastic moduli due to the subsequent closing of pores become smaller and smaller. To approximate this process quantitatively, the KT model along with the expression of effective pressure dependence of pore aspect ratio spectra (Kuster and Toksoz, 1974; Toksoz et al., 1976 ) is introduced. By inverse KT modelling, the pore aspect ratio spectra of the water-saturated sandstone samples (Han et al., 1986) are obtained from velocity measurements. The pore aspect ratio spectra are then used to calculate the elastic moduli of the corresponding dry sandstone samples by setting K f equal to zero. Finally these data are investigated statistically.
KT model
The KT model can be expressed as follows:
where C is the volume fraction of spherical pores, a n (starting from n=2) is the nth aspect ratio of the pores, C(a n ) is the volume fraction of a n , Ks and µ s are the bulk and shear moduli of the rock solid respectively, and K f is the bulk moduli of contained fluid, T iijj and T ijij are given in the paper of Toksoz et al. (1976) . In order to model the changes in the elastic moduli (and therefore seismic velocities) of a rock as a function of effective pressure, the rate of crack closing with effective pressure must be calculated. Toksoz et al. (1976) give the expression for the fractional change in the volume of pores of aspect ratio a with effective pressure P.
Determination of pore aspect ratio spectra and calculation of elastic moduli of dry sandstone 
In this study, the velocity measurements of the water-saturated sandstone samples by Han et al. (1986) are used. The pore aspect ratio spectra of these samples are unknown. This presents a KT inverse problem, which can be solved by repetitively adjusting pore aspect ratio spectra to fit velocity measurements. The first guesses of the pore aspect ratio spectra of these samples are considered as a scaled replica of the standard sample's, i.e., any sample of porosity φ will have a pore aspect ratio distribution related to that of the standard sample according to the proportionality C i (a i )/C i (a i ) standard = φ/φ standard , where C i is the volume fraction of pores of aspect ratio a i ( Kowallis et al., 1984) . The standard sample is Navajo sandstone (Cheng et al., 1979 ). The first guesses are then adjusted to fit velocity measurements. Examples of the fitted results are shown in Figs. 1 and 2 . Solid black lines are calculated water-saturated velocities after adjusting the pore aspect ratio spectra and dotted lines with * are measured laboratory water-saturated velocities. The upper curves are compressional wave, and lower curves are shear wave. Examples of the adjusted pore aspect ratio spectra are shown in Tabs. 1 and 2.
The adjusted pore aspect ratio spectra of these samples were used to calculate the corresponding dry elastic moduli and velocities of these samples by setting K f equal to 0 in the KT model. The calculated velocities of some dry sandstone samples are shown in Figs. 1 and 2 (dashed blue lines) . 
Change of elastic moduli with effective pressure
It is impossible to obtain a unique functional relationship between elastic moduli and effective pressure due to the variability in elastic moduli for these samples. But the rate of change of elastic moduli with effective pressure may show a trend (Tosaya and Nur, 1982; Kowallis et al., 1984) . Thus, the dry elastic moduli of these samples are differentiated with respect to effective pressure at a series of effective pressure points with the results plotted in Figures 3 and 4 . Averaged exponential relationships are,
For individual samples, a precise relationship between the rate of change of elastic moduli with effective pressure can be modeled as:
where A1, B1, A2 and B2 are positive numbers, to be determined for individual cases. In order to test the validity of equations (1) and (2), the velocity and elastic moduli measurements of Gregory (1976) are compared with calculated results. Table. 3 in his paper lists Vp, Vs and elastic moduli for a Gulf Coast sand. Our Table 3 compares the results calculated from equations (1) and (2) with the measured values. The average difference between measured and calculated values is ±1.11 (GPa). The major source of error may be due to experimental error. For example, the shear modulus decreases with increasing effective pressure between P=54.4 and P=61.2 MPa. Dry elastic moduli and effective pressure
Conclusion
The elastic moduli of dry sandstone increase with effective pressure. The increase can be explained in terms of the subsequent closing of a series of pores. By inverse KT modelling, the pore aspect ratio spectra of the water-saturated samples were estimated from velocity measurements. These pore aspect ratio spectra were used to calculate the elastic moduli of the corresponding dry sandstone. An exponential function was found to best represent the relationship between the rate of change of elastic moduli and effective pressure.
